The groups in the Barkovich classification scheme are not mutually exclusive. It is possible for an individual to have ongoing neuronal processes that result from impairment in more than one stage of development [8] [9] [10] [11] [12] . Additionally, cortical malformations may be associated with other extracortical neurodevelopmental deformities, such as abnormalities of the corpus callosum [13, 14] , hippocampus [15] , midbrain, hindbrain, mega cisterna magna, occipital horns, or cerebellum [16] [17] [18] . Consequently, it can also be useful to refer to MCDs based on whether they occur in isolation (Simple MCD) or with co-existing neurodevelopmental abnormalities or another MCD (Multiple MCD).
Simple and Multiple MCDs have distinct clinical manifestations and outcomes, suggesting that this classification method can play a crucial part in patient management. Recognition of whether an individual has a Simple MCD or Multiple MCDs may allow physicians to better predict prognosis and make more individualized therapeutic decisions. Magnetic resonance imaging (MRI) is the best imaging modality to diagnose MCDs. Using MRI, physicians can describe the morphology and extension of the principal cortical malformation, as well as recognize any associated malformations. In a resource-limited region, the impressive advances in imaging and electrophysiological techniques are key methods to diagnose, classify and treat cortical malformations.
In western China, sophisticated imaging like high-resolution MRI and invasive procedures like stereoelectroencephalogram are not always accessible. As a result, the true prevalence and distribution of MCDs and the subtypes of MCDs in these regions are unknown. While many recent papers have described cortical malformations, in depth evaluation of the clinical features and long-term follow up of these patients has often been neglected. No studies have compared Simple MCDs with Multiple MCDs in a large and heterogeneous cohort of patients. Additionally, there have been little data to relate the particular types of MCDs to the likelihood of the patient developing epilepsy or the severity of their epilepsy.
The current study involves patients from western China and aims to investigate the distribution of Simple and Multiple MCDs in this population and to compare the clinical characteristics of these two separate but related entities.
Materials and methods

Patients
A total of 150 patients (71 females, 79 males) were recruited into the study between April 2012 and December 2014 from a single center (Department of Neurology at West China Hospital affiliated with Sichuan University). One hundred and thirty eight patients were adults (92%), while twelve patients (8%) were pediatric patients under the age of 18 years. The mean age of the participants was 25.5 years (range 4-67). All patients were diagnosed by an experienced epileptologist under ILAE criteria [19] with radiologically identified MCDs. Exclusion criteria included individuals with radiological identified MCDs with no history of seizure activity and individuals with tuberous sclerosis or dysembryoplastic neuroepithelial tumors (DNT). Cases with incomplete or missing clinical data were also excluded. One hundred thirty-three of the 150 patients (87%) were referred to West China Hospital for the diagnosis and management of epilepsy. This cohort had been closely monitored by the Epilepsy Center at West China Hospital for periods ranging from 1 to 18 years (mean 5.9 years). The remaining seventeen patients included in the study (13%) had been followed for less than one year.
Clinical data including age at enrollment, age at seizure onset, ante-and perinatal events, congenital abnormalities, developmental delay, current neurological and cognitive status, and location of epileptic discharges on electroencephalography (EEG) were collected. Each patient's clinical course and response to different antiepileptic drugs were prospectively monitored. All patients had at least two standard EEG recordings. One hundred and seven patients underwent extended video EEG monitoring for at least 24 h. Cognitive function was evaluated using the Wechsler Intelligence Scale for Children-Revised (WISC-R) or the Wechsler Adult Intelligence Scale-Revised (WAIS). Autism was diagnosed by the DSM-IV criteria.
Imaging
All patients had MRI scan with a 3.0 T (EXCITE, General Electric, Milwaukee, USA) or 1.5 T (Philips Achieva, Holland & Sonata, Siemens, Germany) image system with standard 3D (sagittal, axial, and coronal) images. MRI studies included conventional T1/T2-weighted studies, as well as MRI with inversion recovery and coronal fast fluid-attenuated inversion recovery. All images were evaluated by two independent physicians: an experienced epileptologist and a skilled neuroradiologist. In cases where there was a dispute regarding the categorization of the cortical malformation, a third neuroradiologist was consulted.
Brain MRI for all patients were reviewed for the following: localization of the lesion; hippocampal morphology; appearance and shape of the corpus callosum; ventricular shape and size; cerebral cortical gyral pattern; presence of posterior fossa cyst; white matter volume and cerebellar morphology. Lateral ventricles were assessed for colpocephaly, defined as dilation of the trigones and occipital horns.
Definition of terms; criteria for Simple and Multiple MCDs
Diagnostic criteria of focal cortical dysplasia (FCD) were in line with the literature [20] [21] [22] [23] [24] [25] : cortical thickening, blurring of the white matter-gray matter junction, altered white matter signal with or without the penetration through cortex (transmantal sign), and abnormal sulcal or gyral pattern. MR imaging, however, can also be normal for certain subtypes of FCD type I [23] [24] [25] . Heterotopia is defined as groups of normal neurons in an inappropriate location. Lissencephaly was considered if the brain surface appeared smooth with areas of absent gyri (agyria) and abnormally wide gyri (pachygyria). Polymicrogyria is characterized by microscopic overfolding and irregular lamination. In schizencephaly, abnormal clefts in the grey matter occur; and the cortex edges can seem to fuse (closed lips) or stay at a distance (open lips) [7] .
A detailed assessment of MRI features allowed us to classify participants based on MCD subtype into three groups according to the Barkovich classification [5, 6] . Imaging also allowed us to further classify participants into groups based on whether more than one kind of MCD existed or whether the patient had a single MCD. The Simple MCD group consisted of participants with a deformity of a single characteristic MCD in the absence of other malformations; and participants in the Multiple MCD group had an MCD that was associated with additional cortical or cerebral malformations.
Statistical analysis
Statistical analysis was performed using SPSS 20 (IBM, Armonk, New York, USA). Categorical data were analyzed using Chi-square test or Fisher's exact test. Continuous data were analyzed by means of ANOVA followed by multiple comparisons (performed using Dunnett's t-test) or Mann-Whitney U test where data were nonparametric (e.g., seizure frequency per year). Univariate ANCOVA and multinomial logistic regression tests were performed to investigate whether age at study time, age at seizure onset, or presence of bilateral MCD were confounding factors for clinical features (delayed milestones, neurological deficit, cognitive impairment, etc.). All t-tests were two-tailed, and the level of statistical significance was set at p < 0.05. There were 12 pediatric patients (8%) below 18 year while majority of this cohort are adults (138/150, 92%). Forty-four cases (29%) were classified as MCD group I. Of these 44 cases, nine cases (9/44, 20.5%) showed typical FCD2b MRI features, including the 'transmantal sign'. Sixty-one cases (41%) were classified as MCD group II, and 36 cases (24%) as group III. Moreover, nine cases (6%) had complex malformations suggesting disorders in different stages of cortical development that could not be classified into any one group.
In 41 cases (27%), the malformations were bilateral (23 patients with Simple MCD and 18 patients with Multiple MCD). Of those with Simple MCD, the malformations were confined to the temporal lobe in 37 cases.
Clinical characteristics
Eleven (7%) cases had a history of status epilepticus. Prenatal insults were reported in 32 (21%) cases, developmental milestones in 28 (19%), mental impairment in 22 (15%), additional congenital abnormalities in 19 (13%) and neurological deficits in 18 (12%) cases. There were three patients (2%) who underwent surgery at some point during the study; all of these patients belonged to group I. Pathological examination revealed two of these cases to have FCD2b, while the other case had FCD2a. These histopathological findings were in agreement with diagnosis by pre-surgical imaging.
Comparison among three MCD subgroups (Table 2)
Only presence of prenatal injury among the three subgroups was statistically different (p = 0.004). It was more commonly seen in group III (33.3%) compared to 9.8% in group I and 10.5% in group II.
3.4. Clinical features of the Multiple MCD group, n = 36 (Table 3) Thirty-six patients (36/150, 24%) were classified into the 'multiple' group, including 16 patients with more than one type of MCDs (Table 1) , and patients with MCDs co-existing with associated abnormalities, as described below. Heterotopia was found to be the most common co-existing abnormality (23/36) . (Examples shown in Fig. 2.) More than 80% of the patients with multiple MCD (30/36) had associated brain malformation, including: ventriculomegaly (10/ 36, five had very distorted ventricle outlines, three had mildly enlarged lateral ventricles and two had colpocephaly), cortical abnormalities (11/36, 5 with cortical dysplasia and 6 with polymicrogyria), cerebellar and posterior fossa abnormalities (9/ 36, four with mega cisterna magna, three with cerebellar abnormality, and three with posterior fossa cyst), and abnormalities of the corpus callosum (6/36, one with complete agenesis of the corpus callosum and five with hypoplasia of the posterior body and splenium). Additionally, there was one case with a middle cranial fossa cyst and two cases with white matter dysplasia. One of the two cases manifest as decrease white matter volume and the other manifest as a white matter signal abnormality.
Comparisons between Simple and Multiple MCD group (Table 4)
Patients with Multiple MCD were younger at assessment (20.4 years vs. 27.1 years, p = 0.002) and younger at seizure onset (13.1 years vs. 18.3 years, p = 0.003) compared to those with Simple MCD. Of those with Multiple MCD, the median seizure frequency was significantly higher than the Simple MCD group (median 39.8 vs. 9.1, p = 0.003). The majority of individuals with multiple MCD (28/36, 78%) failed to get good control of seizures after trials of medication (reduction <50%) and continued to have relatively high seizure frequency (often daily to monthly). Three cases of Multiple MCD continued to have daily seizures. The proportion of seizure-free patients was significantly higher in the Simple MCD group compared to the Multiple MCD group (27% vs. 8%, p = 0.033). Moreover, seizure types were of wider variety (pure temporal lobe epilepsy (TLE): 37% vs. 14%, p = 0.017). There were significantly higher rates of delayed milestones (34% vs. 13%, p = 0.005), neurologic deficits (28% vs. 7%, p = 0.002) and cognitive impairment (28% vs. 11%, p = 0.023) in the Multiple MCD group compared to the Simple MCD group. Results from univariate ANCOVA and multinomial logistic regression showed that age, age at seizure onset, seizure frequency and presence of bilateral MCD were not significant confounding factors for clinical features (cognitive impairment, neurological deficits and delayed developmental milestones) when the Simple MCD and Multiple MCD groups were compared. The two groups did not differ in prenatal insults, congenital abnormalities, family history, febrile convulsion, antiepileptic drugs, EEG abnormalities or the rate of status epilepticus. 
Discussion
MCDs are one of the most common causes of intractable epilepsy, but often have wild variety and heterogeneity. The current study on 150 patients investigated the distribution and clinical features of MCDs in Western China.
The most common type of MCD in this study was FCD (29%), followed by heterotopias, polymicrogyria, schizencephaly and pachygyria. A previous study involving 220 adult patients in Australia [18] reported that the most common MCD was polymicrogyria (21%). Another study [26] of adult patients in Argentina showed 51% patients were in group I and 19% in group III. Additionally, a study [27] of pediatric patients in Spain reported group III was the most common (53%). These differences could be explained by the fact that high-resolution MRI is not always readily available in developing countries. Polymicrogyria is difficult to visualize by regular imaging techniques and therefore may be underestimated. These differences may also be explained by the fact that the ages of the study populations (pediatric or adults) were different between these studies. We included 150 epileptic patients with MCDs (aged 4-67 years), including 12 pediatric patients (8%) below 18 years. While it is well known that MCDs are associated with the early epilepsy onset, we observed a relatively late epilepsy onset in our study population [26, 27] . This phenomenon may be explained by the fact that our hospital is mainly for adults and the pediatric proportion in our study was relatively low. In addition, we excluded the relatively rare categories like TS and DNT. Therefore, we cannot draw conclusion on the whole spectrum of MCDs.
Patients in group III had higher rate of pre-perinatal insults, in accordance with previous studies [28, 29] , indicating that prenatal injury might be an important contributor to the genesis of polymicrogyria and schizencephaly. Papayannis [26] showed neurological deficits were more common in group III, which was not supported in the current study. Montenegro [30] demonstrated group III was strongly associated with genetic abnormalities in addition to prenatal injury. These differing results may be explained by the fact that only three cases in our study had family history of epilepsy, and variation in localization or size of the lesions makes the neurological examination different.
Not surprisingly, we found patients with Simple MCD had lower seizure frequency with the majority of them experiencing monthly or yearly seizures. None of the patients with Simple MCD experienced daily seizures. The seizure-free rate in Simple MCD patients was significantly higher and the course of seizure history was relatively benign. Of those with Multiple MCD, half (18/36, 50%) had medically refractory epilepsy. Several studies [9, 16, 18, 31, 32] have described how advances in neuroradiological imaging of cortical malformations can identify and compare Simple and Multiple MCD forms. d 'Orsi [9] demonstrated patients with periventricular nodular heterotopias (PNH) plus other malformations have poorer prognosis than those with PNH only; Kuchukhidze showed patients with MCDs with midbrain-hindbrain malformations also have less favorable prognosis than those without other malformations [18] . These findings are not surprising; multiple malformations may indicate more complex epileptogenecity or more complex epileptic networks involving more cerebral structures.
Nevertheless, the ''benign course'' is not a characteristic feature of FCD type2. Most patients with FCD2 suffer from seizure onset at an early age, have drug-resistant epilepsy, and need surgical intervention [33] . Nine cases in our FCD group (9/44, 20.5%) had typical FCD2b MRI features-transmantal sign. The average age at seizure onset of the ''true FCD2'' was 11.3 years, and they all suffered intractable epilepsy.
Patients with FCD type2b usually had highly favorable seizurefree outcomes after surgical resection of the lesion [22] [23] [24] . However, few patients in resource-limited countries have access to intracranial electrode recording, PET or SPECT [24] . China is still in the early phase of implementing surgical treatments. An enormous discrepancy exists between the number of patients who could benefit from epilepsy surgery and those who actually receive it [34] . Overall, most of the patients in our study had good control of seizure (seizure reduction >50%) within acceptable limits for patients and families with medical management. We suppose this can partly explain the low rates of surgery. Meanwhile, for those MCD patients with widespread foci or non-localized EEG pattern, magnetocencephalography (MEG) and EEG are used for the identification of involved areas by analyzing event-related activities. Source localization by high resolution EEG or MEG may be useful in delineating the possible epileptogenic zone, which may help in selecting the best treatment option [35, 36] . We hope to include more MEG and EEG analyses in future work.
The main limitation of this study is the fact that almost all diagnoses of MCDs were based solely on high-resolution MRI findings and were not histologically confirmed. The Barkovich classification -the most widely used classification -primarily categorizes patients based on image, allowing us to categorize by MRI [5] [6] [7] . There were not many epilepsy surgeries or pathologic reports for the patients in our study, and genetic tests were undertaken in few of our patients. Although difficult to perform, it is of great necessity to include more pathologically confirmed cases in future work.
Conclusion
In conclusion, MCDs are important causes of drug-resistant epilepsy in developing countries. In resource-limited regions, the impressive advances in imaging and electrophysiologic techniques are key methods to diagnose and classify cortical malformations. The Barkovich classification can be practical in less developed regions and lead to deeper insight of MCDs in the future. Furthermore, the findings of this study indicate that Multiple 
